Embedding halftones of different resolutions in a full-scale halftone by Fung, YH & Chan, YH
IEEE SIGNAL PROCESSING LETTERS, VOL. 13, NO. 3, MARCH 2006 153
Embedding Halftones of Different Resolutions
in a Full-Scale Halftone
Yik-Hing Fung and Yuk-Hee Chan
Abstract—To efficiently render halftone images for various
printers and displays that support different resolutions, it is
desirable that all halftoning results can be produced at a time, and
all of them can be embedded in a single full-scale halftone image
such that a simple down-sampling process can extract images of
suitable resolutions from it if necessary. This letter presents a
framework for achieving this objective with multiscale error dif-
fusion. A multi-resolution halftoning algorithm is proposed based
on this framework. Simulation results show that the proposed
algorithm can provide good image quality at different resolutions.
Index Terms—Constrained halftoning (CH), halftoning, multi-
scale error diffusion (MED), multiscale processing, scalable media.
I. INTRODUCTION
D IGITAL halftoning is a process of converting a contin-uous-tone image to black and white dots for its reproduc-
tion with a bilevel output device. There are many algorithms for
digital halftoning [1]–[3], and nowadays, the most popular ap-
proach is error diffusion, as it provides good image quality at a
reasonable cost.
When one renders halftone images for different printers of
different resolutions, it is desirable that the output can be scal-
able in a way that it embeds low-resolution halftone images into
a full-scale halftone image and, through a very simple proce-
dure such as down-sampling, the low-resolution halftone im-
ages can be obtained from the high-resolution halftone image di-
rectly. This so-called multi-resolution halftoning issue was first
addressed by Wong [4]. To achieve this objective, Wong deals
with it as a constrained halftoning (CH) problem.
In general, a CH problem can be solved as follows. First, a
halftone of lower resolution, say, , is generated by whatever
means. This image then defines the down-sampled pixels of the
halftone of higher resolution to be generated. In the generation
of the halftone of higher resolution, pixels are processed in a
predefined order with error diffusion. When the pixel encoun-
tered corresponds to a pixel of the halftone of lower resolution,
say, , after down-sampling, its output value is assigned to
be the binary value of . Otherwise, it is determined by the
thresholding result of the quantizer as usual. In either case, the
error is then diffused with a causal filter. For the sake of refer-
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ence, those pixels whose values are determined by the halftone
image of lower resolution instead of the thresholding result of
the quantizer during error diffusion are referred to as constrained
pixels in this letter.
This CH framework can work with any conventional error dif-
fusion algorithms that process pixels in a predefined scanning
order, producing scalable halftone images of different quality.
However, since pixels are processed one by one according to a
predefined order and this framework does not take a constrained
pixel into account until the pixel is encountered in the course,
it is very likely that the value assigned to a constrained pixel
is against the natural result of thresholding. This mismatch dis-
turbs the harmony of a local region and degrades the quality of
the output. In [5], Wong successfully reduces this problem by
using an adaptive error diffusion filter. However, as we shall see
in the analysis result to be presented later, pattern artifacts and
directional hysteresis still exist due to the causal nature of the
error diffusion filter used in this approach.
Multiscale error diffusion (MED) is a recently proposed
halftoning technique, and it was proven to be superior to
conventional error diffusion, as it can eliminate directional
hysteresis completely [6]. We found that, due to its frame-based
nature, it could be modified to realize CH easily and effectively.
In this letter, we propose a framework for generating scalable
halftone images with various MED algorithms such as [6]–[8].
The proposed approach takes care of the constrained pixels
well before handling the unconstrained pixels. This allows one
to compensate for the disturbance caused by the mismatch in
the dot assignment of constrained pixels when handling the
unconstrained pixels. Based on this framework, we proposed
an algorithm in which a modified version of a recently pro-
posed MED algorithm [8] is used. Analysis results showed
that it achieved the best performance as compared with other
multi-resolution halftoning algorithms.
II. PROPOSED FRAMEWORK FOR GENERATING SCALABLE
HALFTONES WITH MED ALGORITHMS
Suppose one wants to halftone a continuous-tone image .
Without loss of generality, we assume that is of size
and , the downscaled version of , is of size
, where is a
desirable scaling factor. Note that this combination of and
is picked for illustration only. In general, and can be any
integer values, and the framework presented here can be easily
modified to handle it.
The objective is to produce an output such that all can be
obtained by simply down-sampling , where and are, re-
spectively, the halftone results of and . Note that can
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be down-scaled with any approach to obtain , producing dif-
ferent results. In this letter, is obtained by averaging as
follows:
(1)
where and are, respectively, the th pixels of
and .
In the proposed framework, starting with , we iter-
atively generate with and then use as a constraint
to produce in the next iteration until is eventually ob-
tained. As selected by the user, is of the lowest resolution to
be supported in the scalable . There is no constraint to generate
it, and one can exploit any MED algorithms [6]–[8] by setting
the input image to be .
To obtain with for , the same MED algo-
rithm can be applied by applying a constraint in the initialization
stage of generating . Suppose one has already obtained
with and starts to produce with . At the very be-
ginning, we force the down-sampled elements of to be
if
for (2)
where is the th element of , and is the
th element of . Note that assignment (2) guarantees
that can be obtained by simply down-sampling .
is then updated by (3), shown at the bottom
of the page, where is the th pixel
of , and is defined as
. To handle corner or boundary pixels,
is modified, and filters such as [0,0,0;0, 5,2;0,2,1]/5 and
[0,0,0;2, 8,2;1,2,1]/8 are used instead to avoid energy leakage.
After updating , the remaining unprocessed pixels are
processed with the selected MED algorithm as usual to produce
.
Note that this framework handles all constrained pixels before
processing those nonconstrained pixels. Besides, unlike CH, it
does not confine the direction of error diffusion and hence pro-
vides more flexibility to compensate for the negative effect of
assignment (2), in which a constrained pixel is assigned a value
without concerning its original intensity. As a result, an output
of higher image quality can be obtained.
III. PERFORMANCE ANALYSIS
Though the proposed framework works with any MED algo-
rithms, we found that not every MED algorithm could provide
a good performance in multi-resolution halftoning. To look for
a good multi-resolution halftoning algorithm, an analysis was
carried out to evaluate the impact of various error diffusion al-
gorithms in constrained halftoning. In the analysis, multi-res-
olution halftoning was applied to a constant gray-level image
of size 128 128 with various error diffusion algorithms, and
the dot distribution in their outputs was studied. Directional dis-
tribution function is a useful tool to study dot dis-
tribution in a halftone [1]. In , inner radius and
outer radius define a ring region for analysis, and angular pa-
rameter indexes a particular segment in the region. Note that
and , respectively, indicate a fa-
voring and an inhibition of dots in direction . In the ideal case,
we have for all , which indicates an isotropic
distribution in the output. In our analysis, the annular ring is de-
fined by and , and it is divided into 16 equal
segments.
Figs. 1(ia)–(c) show some multi-resolution halftoning results
when the gray level is 31/255, and Figs. 1(iia)–(c) show their
corresponding down-sampling results. In particular, Fig. 1(ia)
shows the result of using framework CH and standard error dif-
fusion [3] (CH-SED), while Fig. 1(ib) shows the result of [5]
(CH-AED), which actually exploits framework CH and adaptive
error diffusion. There exist directional ripples in Figs. 1(ia) and
(ib). Fig. 1(ic) shows the case of using the proposed constrained
halftoning framework for MED algorithms with the MED algo-
rithm proposed in [6] (CH -MED). It is visually smoother, but
pattern artifacts can be observed.
Figs. 1(iiia)–(c) show the directional distribution functions of
Figs. 1(ia)–(c). One can see that all outputs suffer from direc-
tional hysteresis, and dots are not uniformly distributed in all
directions. For CH-SED and CH-AED, this is expected because
of the reasons mentioned in Section I. As for CH -MED, though
theoretically directional hysteresis can be eliminated by MED, it
appears again after CH. The fixed error diffusion filter exploited
in [6] diffuses quantization error to the constrained pixels, and
this amount of error is trapped there forever. CH -MED does
not take care of the constrained pixels well in the course, and
error leakage happens in every constrained pixel.
To solve the problem encountered in CH -MED, an adaptive
diffusion filter should be used to avoid diffusing error back to
the constrained pixels. In this letter, we suggest using a modi-
fied version of the feature-preserving MED algorithm proposed
in [8]. The algorithm proposed in [8] detects whether white or
black dots are minority dots in a local region and then assigns a
minority dot to the region so as to preserve the local feature. In
if
if
for each constrained pixel (3)
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Fig. 1. Halftoning results of (a) CH-SED, (b) CH-AED, (c) CH -MED, and (d) the proposed algorithm for constant gray-level input (31/255) of size 128 128.
(i) Full-scale outputs. (ii) Down-sampling results of (i). (iii) Directional distributions.
Fig. 2. (a) Original ramp image and halftone results of (b) [3], (c) CH-SED, (d) CH-AED, (e) CH -MED, and (f) the proposed algorithm.
CH, when generating the halftoning result of higher resolution,
constrained pixels are handled first without concerning any local
feature. After that, the critical pixel positions in the region for
displaying the local feature may have already been occupied by
constrained pixels. Even though the feature-preserving mech-
anism of this algorithm is activated, there is not much gain in
the quality, and sometimes it may even make it worse. Hence,
when this MED algorithm [8] works with CH in our suggested
multi-resolution halftoning algorithm CH MED , this fea-
ture-preserving mechanism is purposely off. Accordingly, no
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TABLE I
SUMMARY OF THE ALGORITHMS EVALUATED FOR COMPARISON
Fig. 3. Down-sampling results of Figs. 2(a)–2(f).
region-oriented detection of minority dots is performed, and it
always locates the minority dots of the whole image. Table I
contrasts the differences among the algorithms evaluated in the
analysis.
Fig. 1(id) shows the full-scale halftoning result of the pro-
posed algorithm, and Fig. 1(iid) shows its down-sampling result.
There is no directional hysteresis and little, if any, pattern arti-
fact in both images. The directional distribution function shown
in Fig. 1(iiid) also verifies that dots are evenly distributed in all
directions.
IV. SIMULATION RESULTS
Simulation has been carried out to evaluate the performance
of various multi-resolution halftoning algorithms. Fig. 2(a)
shows the original testing ramp image of size 200 218, and
Fig. 3(a) is its down-sampling result. As shown in Figs. 2(b) and
3(b), a plain conventional halftoning algorithm such as standard
error diffusion [3] does not embed a low-resolution halftoning
result into its output, and hence, the down-sampling result of
its output can be very poor. Figs. 2(c)–2(f) show, respectively,
the corresponding multi-resolution halftoning results of using
CH-SED, CH-AED, CH -MED, and the proposed algorithm.
Figs. 3(a)–3(f) are the down-sampling results of Figs. 2(a)–2(f).
A down-sampling factor of 2 was applied to each direction. In
the realization of CH -MED and the proposed algorithm, was
selected to be 2. The performance of the proposed algorithm is
the best in terms of directional hysteresis and pattern noise.
Fig. 4 shows the performance of various algorithms in terms
of the directional distribution of dots in their halftoning results
of different constant gray-level inputs. The performance is mea-
sured in terms of the variance of for all
, where is the principle wavelength of the input gray level.
Logarithmic scale is used for the abscissa in the plots. The plots
show that the proposed algorithm outperforms the other ap-
proaches.
V. CONCLUSION
In this letter, we proposed a CH framework for MED
algorithms to realize multi-resolution halftoning. Based on
Fig. 4. Performance of the full-scaled outputs in terms of directional
distribution of dots.
this framework, we proposed a multi-resolution halftoning
algorithm for producing scalable halftone images. Given a
monochrome image, the algorithm produces a set of halftoning
results of different resolution and embeds those of lower res-
olution into the full-scale one such that they can be extracted
by direct down-sampling. Simulation results show that the
proposed algorithm can provide good halftoning results at
different resolutions. Some critical factors for achieving good
constrained halftoning results are also discussed in this letter.
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